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1
SEISMIC NAVIGATION

BACKGROUND

The present invention relates to seismic navigation, and
more specifically, to providing a method and system for navi-
gating the formation of subterranean boreholes.

Boreholes may be formed using, for example, a horizontal
borehole machine. In this regard, FIG. 1 illustrates a prior art
example of a borehole machine 102 that uses a bit 104 for
excavating earth. The path of the bit 104 may be controlled at
the surface 101. Often the bit 104 includes one or more
magnetic beacons that, when used in conjunction with a sen-
sor device 106 disposed on the surface 101, may determine
the position of the bit 104 while located in a borehole 103.
Typically, the sensor device 106 is a portable unit that is
moved on the surface 101 over the location of the bit 104 to
determine the position of the bit 104 below the sensor device
106. By determining two or more positions of the bit 104, the
path of the bit 104 may be calculated. Once the path of the bit
104 is calculated, the path of the bit 104 may be adjusted if
desired such that a borehole is formed that follows a desired
path.

SUMMARY

According to one embodiment of the present invention, a
sensor array system includes a sensor array comprising a first
sensor disposed underground and a second sensor disposed
underground, and a processor communicatively coupled to
the sensors of the sensor array, the processor operative to
receive signals from the sensors of the sensor array indicative
of seismic activity, and identify a position of a portion of a
borehole machine operative to induce the seismic activity
while disposed in an underground borehole.

According to another embodiment of the present invention,
a method includes receiving signals in a processor indicative
of a seismic activity induced by a portion of a borehole
machine, determining a position of the portion of the borehole
machine, comparing the position of the portion of the bore-
hole machine and a intended path of the portion of the bore-
hole machine, and outputting data indicative of the difference
between the position of the portion of the borehole machine
and the intended path of the portion of the borehole machine.

Additional features and advantages are realized through
the techniques of the present invention. Other embodiments
and aspects of the invention are described in detail herein and
are considered a part of the claimed invention. For a better
understanding of the invention with the advantages and the
features, refer to the description and to the drawings.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

The subject matter which is regarded as the invention is
particularly pointed out and distinctly claimed in the claims at
the conclusion of the specification. The forgoing and other
features, and advantages of the invention are apparent from
the following detailed description taken in conjunction with
the accompanying drawings in which:

FIG.11llustrates a prior art example of a borehole machine.

FIG. 2 illustrates an exemplary embodiment of a sensor
system.

FIG. 3 illustrates an exemplary embodiment of the process-
ing portion of FIG. 2.

FIG. 4 illustrates an exemplary embodiment of an arrange-
ment of a sensor 214 in a subterranean disposition.
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FIG. 5 illustrates a top view schematic of an exemplary
arrangement of the sensor array and the borehole machine of
FIG. 2.

FIG. 6 illustrates a side view of a group of sensors of FIG.
5.

FIG. 7 illustrates a block diagram of an exemplary method
for operating the system of FIG. 2.

DETAILED DESCRIPTION

As discussed above, the prior art system shown in FIG. 1
uses a sensor device 106 that is disposed on the surface 101
above the bit 104. However, if the area of the surface 101 that
is above the bit 104 is inaccessible by personnel operating the
sensor device 106, the path of the bit may not be determined
using the prior art system and methods. The embodiments
described below provide a method and system for determin-
ing a position and path of a bit that forms a subterranean
borehole.

FIG. 2 illustrates an exemplary embodiment of a sensor
system 200 that is operative to determine a position and path
of'a bit 204. In this regard, FIG. 2 shows a borehole machine
202 disposed on the surface 201 of terrain 205. The borehole
machine 202 includes a bit 204 that is driven with a drill pipe
206 to form a borehole 203 by removing earth from the terrain
205 along an intended path illustrated by the arrow 207. The
borehole machine 202 is but one example, and it will be
appreciated that any suitable horizontal borehole drilling
machine or method may be used in alternate embodiments.
The sensor system 200 includes a processing portion 210 that
is communicatively connected to a sensor array 212 that
includes sensors 214. The processing portion 210 is shown in
further detail in FIG. 3, and includes a processor 302 that is
communicatively connected to a display device 304, input
devices 306 that include, for example the sensors 214 of the
sensor array 212, and a memory portion 308. Referring back
to FIG. 2, the sensor 214 may include for example, a geo-
phone, a hydrophone, or other types of sensors that are dis-
posed below the surface 201 and are operative to detect seis-
mic activity. The sensor array 212 may include either type of
sensors 214 (e.g., geophone or hydrophone sensors) or a
combination of both types of sensors. In operation, the sensor
array 212 is operative to detect seismic activity caused by the
operation of the borehole machine 202, and determine a loca-
tion of the bit 204 relative to the sensor array 212 as a function
of the detected seismic activity. Once the location of the bit
204 relative to the sensor array 212 is determined, the location
of the bit 204 relative to the intended path 207 of the bit 204
may be determined. Ifthe bit 204 is not following the intended
path 207 recommendations for changing the path of the bit
204 to approach the intended path 207 are sent the borehole
machine 202. In this regard, the borehole machine 202 may be
controlled by operators who receive the recommendations
verbally, or via a communications link. Alternate embodi-
ments include a control system of the borehole machine 202
that receives feedback signals from the processing portion
210 indicative of the position of the bit 204 relative to the
intended path 207. The feedback signals are used to control
the path of the bit 204 relative to the intended path 207 in, for
example, a substantially closed loop control system.

In this regard, the sensor array 212 may detect seismic
activity caused by the formation of the borehole (i.e., the drill
bit 204 moving earth to form the borehole), alternatively, the
drill pipe 206 may be manipulated with, for example, a vibra-
tory mechanism to induce seismic activity that emanates from
the proximity of the bit and is detected by the sensor array
212.
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FIG. 4 illustrates an exemplary embodiment of an arrange-
ment of a sensor 214 in a subterranean (underground) dispo-
sition. A sensor borehole 401 is formed at a desired depth. The
depth of the sensor borehole 401 may be selected based in part
on the depth of the planned path of the bit 204 (of FIG. 2). A
grout material 402 is disposed in the sensor borehole 401. The
grout material 402 may include, for example, a fluid material
that will solidify or partially solidify over time, such as, for
example, a concrete type material. The properties of the grout
material 402 may be selected such that when solidified the
grout material 402 will exhibit similar characteristics as the
surrounding earth 403. A container 404 such as, for example,
a cylindrical pipe having a closed end is placed in the grout
material 402. The container 404 has a length that is greater
than the depth of the grout material 402 in the sensor borehole
401 such that the open end of the container 404 remains
exposed, and the grout material 402 does not enter the inner
cavity of the container 404. Once the grout material 402
solidifies or partially solidifies, the sensor 214 is lowered into
the sensor borehole 401 and into the container 404 to a desired
depth d. The container 404 is filled with a fluid 406. The grout
402 and the fluid 406 that surround the sensor 214 improve
the performance of the sensor 214 by improving the trans-
mission of seismic indications (i.e., changes in pressure, or
movement) to the sensor 214. The embodiment illustrated in
FIG. 4 allows the use of grout 402 and the removal of the
sensor 214 from the sensor borehole 401 if desired. If recov-
ery of the sensor 214 is not desired, in alternate embodiments,
the sensor 214 may be immersed in the grout material 402
without the use of the container 404 and the liquid 406.

FIG. 5 illustrates a top view schematic of an exemplary
arrangement of the sensor array 212 and the borehole
machine 202. The sensor array 212 of the illustrated embodi-
ment includes three groups 502 of sensors 214. The groups
502 are arranged in a pattern. In the illustrated embodiment
the pattern is triangular; however, alternate embodiments
may include any suitable alternate pattern or number of
groups. In the illustrated embodiment, each group 502
includes three sensors 214, however alternate embodiments
may include any number of sensors 214 including a single
sensor 214 or multiple sensors 214. The sensors 214 may be
arranged in any desired configuration in a group 502. For
example, the groups 5026 and 502¢ include sensors 214
arranged in a triangular configuration, while the sensors 214
arranged in the group 502a are arranged in a linear configu-
ration. The spacing of each sensor 214 in a group is deter-
mined partially by the expected wavelengths of the seismic
indications that are sensed by the array 212. The spacing of
each group 502 relative to each other is determined by the
desired path 203 of the bit 204, and the sensitivity of the
sensors 214 in the array. In the illustrated embodiment, the
distance between each of the sensors 214 in a particular group
502 is less than the distance between the groups of sensors
502 (e.g., the distance x between sensors 212 in group 502a
and sensors 212 in group 5025 is greater than the distance y
between the individual sensors 212 in the group 5024). The
sensitivity of the sensors 214 in the array 212 is partially
determined by the type of sensor 214 used, and the type of
earth the sensors 214 in which the sensors 214 are disposed.
The illustrated embodiment of FIG. 5 is but one example, and
other embodiments may include as few as two or three indi-
vidual sensors 214 that define the array 212.

In this regard, an exemplary array 212 may include two
groups (e.g., 502a and 5025) that are arranged adjacent to the
intended path 203. Alternatively, the array 212 may include
two groups (e.g., 5025 and 502¢) that are arranged such that
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aplane defined by a plumb line 503 and a line between the two
groups 501 intersecting the plumb line.

FIG. 6 illustrates a side view of the group 5024. In this
regard, the sensors 214a, 2145, and 214c¢ are disposed at
depths d,, d,, and d. from the surface 201 respectively. The
deposition of the sensors 214 at different depths as opposed to
similar depths improves the resolution of the array 214. This
improvement is realized by the ability to resolve an otherwise
inherent depth ambiguity of the bit 204 relative the depth of
the sensors 214 in the array 212. Seismic disturbances origi-
nating from locations some distance above and below the
sensor array 212 depth will arrive at the sensor 214 locations
with identical propagation delays. If all sensors 214 are at
substantially the same depth, then it is difficult to determine if
a seismic disturbance originated from some distance above or
below the array 214 unless additional information is consid-
ered. This additional information may include previous drill
bit 204 location estimates or the calculate results of a air-
ground surface reflection model. If, on the other hand, sensors
214 are placed at various depths then seismic disturbance
signals with arrive at one or more before arriving at another.

FIG. 7 illustrates a block diagram of an exemplary method
for operating the system 200 (of FIG. 2). In this regard,
referring to FIG. 7, the processor repeatedly scans through
locations within a desired search volume in block 702. In
block 704, for each location a calculated delay time is calcu-
lated, representing the time it would take for a “sound” from
that location to arrive at each sensor 214 in the array 212. This
set of delays—one per sensor—is applied to the electrical or
digital signals received from each of the sensors 214 in blocks
706 and 708. This creates a set of signals delayed relative to
each other. In block 710, the signals are summed together
resulting in one composite signal. After repeating this delay-
and-sum algorithm once for each location considered within
the search volume, the composite signals may be compared to
determine the most likely location within the searched vol-
ume responsible for the seismic disturbance sound. (I.e., the
location of the bit 204.) The comparison may consider simple
features of the composite signals, for example which has the
highest amplitude. Alternately, it may consider particular
characteristics of the composite signals, for example which
composite signal best matches an exemplary “sound-print” of
a drill operating in a particular type of soil. In any case, the
comparison results in an estimated drill bit 204 location for
the time period during which the signals were collected. In
block 714, the most likely location in the search volume
indicating the location of the source of the seismic distur-
bance is output to a user on the display device 304 (of FIG. 3).

The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting of the invention. As used herein, the singular forms
“a”, “an” and “the” are intended to include the plural forms as
well, unless the context clearly indicates otherwise. It will be
further understood that the terms “comprises” and/or “com-
prising,” when used in this specification, specify the presence
of stated features, integers, steps, operations, elements, and/
or components, but do not preclude the presence or addition
of one more other features, integers, steps, operations, ele-
ment components, and/or groups thereof.

The corresponding structures, materials, acts, and equiva-
lents of all means or step plus function elements in the claims
below are intended to include any structure, Calcmaterial, or
act for performing the function in combination with other
claimed elements as specifically claimed. The description of
the present invention has been presented for purposes of
illustration and description, but is not intended to be exhaus-
tive or limited to the invention in the form disclosed. Many
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modifications and variations will be apparent to those of
ordinary skill in the art without departing from the scope and
spirit of the invention. The embodiment was chosen and
described in order to best explain the principles of the inven-
tion and the practical application, and to enable others of
ordinary skill in the art to understand the invention for various
embodiments with various modifications as are suited to the
particular use contemplated

The flow diagrams depicted herein are just one example.
There may be many variations to this diagram or the steps (or
operations) described therein without departing from the
spirit of the invention. For instance, the steps may be per-
formed in a differing order or steps may be added, deleted or
modified. All of these variations are considered a part of the
claimed invention.

While the preferred embodiment to the invention had been
described, it will be understood that those skilled in the art,
both now and in the future, may make various improvements
and enhancements which fall within the scope of the claims
which follow. These claims should be construed to maintain
the proper protection for the invention first described.

What is claimed is:

1. A sensor array system comprising:

a sensor array comprising first, second and third distinct
groups of multiple proximal sensors disposed under-
ground,

at least one of the first, second and third distinct groups of
multiple proximal sensors being arranged in a first con-
figuration of sensors and at least another one of the first,
second and third distinct groups of multiple proximal
sensors being arranged in a second configuration of sen-
sors, which is geometrically distinct from the first con-
figuration of sensors; and

a processor communicatively coupled to each sensor of
each of the distinct groups of the multiple proximal
sensors of the sensor array, the processor operative to
receive signals from the sensors indicative of seismic
activity, and to identify a position of a portion of a
borehole machine operative to induce the seismic activ-
ity while disposed in an underground borehole,

15

25

30

35

40

6

wherein each sensor in each of the first, second and third
distinct group of multiple proximal sensors is respec-
tively disposed in a single, unique borehole.

2. The system of claim 1, wherein the portion of the bore-
hole machine includes a bit disposed in the underground
borehole.

3.The system of claim 1, wherein the processor is operative
to determine the position of the portion of the borehole
machine relative to an intended path of the portion of the
borehole machine and output data indicative of the position of
the portion of the borehole machine relative to the intended
path of the portion of the borehole machine.

4. The system of claim 3, wherein the data is output to a
display.

5. The system of claim 3, wherein the data is output to a
controller operative to control the borehole machine.

6. The system of claim 3, wherein the intended path of the
portion of the borehole machine intersects a plane that con-
tains a line defined by two of the first, second and third distinct
groups of multiple proximal sensors.

7. The system of claim 1, wherein at least one of the first,
second and third distinct groups of multiple proximal sensors
comprises sensors arranged at dissimilar underground
depths.

8. The system of claim 1, wherein at least one of the first,
second and third distinct groups of multiple proximal sensors
comprises first, second and third proximal sensors.

9. The system of claim 1, wherein the first configuration of
sensors is a triangular pattern of multiple proximal sensors of
varying depth and the second configuration of sensors is a
linear pattern of multiple proximal sensors of varying depth.

10. The system of claim 1, wherein each of the first, second
and third distinct groups of multiple proximal sensors respec-
tively comprises first, second and third sensors that are closer
to each other than to any sensors of any other group.

11. The system of claim 1, wherein the first sensor includes
a geophone and the second sensor includes a geophone.

12. The system of claim 1, wherein the first sensor includes
a hydrophone and the second sensor includes a hydrophone.

13. The system of claim 1, wherein the first sensor includes
a hydrophone and the second sensor includes a geophone.
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